Purpose Global sagittal alignment is considered as an important aspect in the management of spinal disorders, but the evidence establishing its clinical impact in lumbosacral spondylolisthesis is still poor. This study evaluated the impact of global sagittal alignment on the health-related quality of life (HRQOL) of patients with spondylolisthesis. Methods A retrospective study of 149 consecutive unoperated children and adolescents presenting with lumbosacral spondylolisthesis (117 low-grade and 32 high-grade) was performed. Two global sagittal alignment parameters were measured on standing lateral radiographs: spinal tilt (ST) and C7 plumbline deviation (C7P deviation). All patients completed the SRS-22 questionnaire to assess HRQOL. Pearson's correlations were calculated between parameters of global sagittal alignment and HRQOL. Multiple regression analyses were also undertaken to account for slip percentage and lumbosacral kyphosis (LSK). Results Both global sagittal alignment parameters were correlated with the SRS-22 total score. When analyzed separately, the correlation was absent in patients with a low-grade slip but remained significant for patients with a high-grade slip (r = 0.35 for ST; r = -0.35 for C7P deviation). The relation was strengthened in high-grade spondylolisthesis when considering only patients with a C7P in front of the posterior corner of upper sacral endplate (r = 0.48 for ST; r = -0.48 for C7P deviation) and was also positive for the SRS-22 pain and appearance domains. For these last patients, the relationship with global sagittal alignment remained significant in the multiple regression analysis. HRQOL was particularly worse for high-grade patients with a C7P in front of the hip axis. Conclusions In high-grade spondylolisthesis, an increasing positive sagittal alignment was related to a poorer SRS-22 total score, especially when the C7P is in front of the hip axis. Global sagittal alignment should particularly be assessed in patients with high-grade spondylolisthesis.
Introduction
Although lumbosacral spondylolisthesis involves a local deformity at the lumbosacral junction, it can have a meaningful impact on the sagittal alignment of the entire spine. The global sagittal alignment, a measure of the overall alignment of the spine from a single parameter, is considered by many clinicians of prime importance in the evaluation and surgical planning of patients with spondylolisthesis, but the evidence supporting its clinical impact remains limited [1] .
Studies from Glassman et al. [2, 3] and Mac-Thiong et al. [4] have reported significant correlations between global sagittal alignment and health related quality of life (HRQOL) in adult patients with spinal deformity. Berven et al. [5] addressed this relationship specifically for adult spondylolisthesis and found that global sagittal alignment was the only individual radiographic parameter with a moderate correlation with health status.
Some authors have compared the sagittal alignment of the spine between normal subjects and patients with spondylolisthesis, and have attempted to provide better understanding of the global sagittal alignment for these patients. Jackson et al. [6] and Rajnics et al. [7] have not found any difference in global sagittal alignment between spondylolisthetic and normal adults. Mac-Thiong et al. [8] have later described abnormal global sagittal alignment in high-grade spondylolisthesis, suggesting that evaluation of this parameter is particularly important for these patients. However, these studies did not relate parameters of global sagittal alignment to HRQOL.
Also, the classification of lumbosacral spondylolisthesis proposed by the Spinal Deformity Study Group (SDSG) introduced global sagittal alignment, measured by the position of the C7 plumbline with respect to the femoral heads, as one of three important characteristics that should be assessed in high-grade spondylolisthesis [9] . However, evidence-based data supporting that global alignment has a clinical impact on the HRQOL of young patients with lumbosacral spondylolisthesis are still poor.
The hypothesis of this study is that global sagittal alignment is related to HRQOL for children and adolescents with lumbosacral spondylolisthesis. The purpose of this study is to determine if global sagittal alignment is relevant in the clinical evaluation of lumbosacral spondylolisthesis. Accordingly, the relationship between parameters of global sagittal alignment and HRQOL has been assessed in a cohort of 149 children and adolescents with unoperated lumbosacral spondylolisthesis.
Materials and methods
The medical and radiographic files of 149 consecutive children and adolescents evaluated for isthmic lumbosacral spondylolisthesis at a single pediatric institution were retrospectively studied. Although some patients (n = 32) underwent spine surgery, all data included in the study were taken prior to surgery for these patients. There were 93 females and 56 males, aged 13.5 ± 7.0 years.
Of the 149 patients included in the study, 117 had lowgrade spondylolisthesis and 32 patients had high-grade spondylolisthesis. Low-grade spondylolisthesis refers to a slip percentage smaller than 50 %, while high-grade spondylolisthesis refers to a slip percentage of 50 % or greater. The mean percentage of slip was 17 ± 10 % (range 0.2-49 %) for low-grade patients, and 79 ± 16 % (range 51-100 %) for high-grade patients. Each patient completed the SRS-22 questionnaire.
All radiographs were taken using the same radiograph setting, with subjects standing in a comfortable position with hips and knees fully extended. The elbows were fully flexed with the fists resting on the clavicles [10] . Radiographs were evaluated using the custom software IdeFx (LIO, CHUM Notre-Dame, Montréal, Canada). All measurements were done by the same observer.
On standing lateral radiographs of the spine and pelvis, the following anatomical landmarks are identified with the use of the software for all subjects: center of C7 vertebral body, four corners (antero-superior, postero-superior, antero-inferior, and postero-inferior) of L5 and S1, and contours of both femoral heads. Based on the position of these anatomical landmarks, the software calculated the following parameters of global sagittal alignment:
1. Spinal tilt (ST) [11] : angle subtended by the horizontal line and the line from the center of C7 vertebral body to the center of upper sacral endplate (Fig. 1a) . ST is smaller than 90°when the center of C7 vertebral body is in front of the center of upper sacral endplate, and greater than 90°when behind it. 2. C7 plumbline deviation (C7P deviation): horizontal distance between C7P (vertical line originating from the middle of the C7 vertebral body) and the posterior corner of upper sacral endplate (Fig. 1b) . C7P deviation is positive when C7P falls in front of the posterior corner of upper sacral endplate, and negative when behind it.
Using various additional landmarks, the following pelvic and regional sagittal parameters were measured to In addition to descriptive statistics, SRS-22 total score and individual domains, ST and C7P deviation, as well as pelvic parameters and regional sagittal curves were compared between low-and high-grade subjects using bilateral Student's t tests. Pearson correlation coefficients were calculated between each parameter of global sagittal alignment and the SRS-22 domains and total score for all patients, and after subgrouping patients based on slip percentage (low-grade vs. high-grade). The same correlation analysis was repeated only with the 29 high-grade patients with a C7P in front of the posterior corner of the upper sacral endplate (positive alignment subgroup). Correlations were also calculated between global sagittal alignment (ST and C7P deviation) and local lumbosacral deformity (slip percentage and LSK) for high-grade patients only. Slip percentage and LSK were measured following the techniques described in Fig. 2 .
For the positive alignment subgroup, multiple linear regression analyses were performed with the SRS-22 total score and the pain domain score as dependent variables, and the C7P deviation, slip percentage, and LSK as independent variables. The same analysis was repeated with ST, slip percentage, and LSK as independent variables.
The positive alignment subgroup was further divided based on the position of the C7P relative to the hip axis (HA, center of the line connecting the center of each femoral head). Mann-Whitney U tests were performed to assess the difference in SRS-22 total and individual domain scores, slip percentage, LSK, and pelvic and regional sagittal parameters between the 11 high-grade patients with a C7P falling in front of HA and the 18 high-grade patients with a C7P falling behind the HA.
Statistical analysis was performed with SPSS Statistics 18 (SPSS Inc., Chicago, IL, USA) using a level of significance of 0.05.
Results
Means and standard deviations for calculated parameters of global sagittal alignment, SRS-22 domains and total score, pelvic parameters, and regional sagittal curves are presented in Table 1 for all patients and after grouping patients based on slip percentage (low-grade vs. high-grade). Compared to lowgrade subjects, high-grade subjects had a significantly lower SRS-22 total score (p \ 10 Values in ST ranged from 79°to 102°in low-grade patients, and the range in ST was shifted forward for patients with high-grade slippage (68°-96°). The range in C7P deviation is also shifted forward in high-grade subjects (-15.2-203.2 mm) compared to low-grade subjects (-73.6-94.1 mm). As for the SRS-22 total score, it ranged from 2.50 to 4.90 for low-grade subjects and from 2.40 to 4.40 for high-grade subjects.
The correlation analysis showed a small but statistically significant correlation between global sagittal alignment parameters and SRS-22 total score (ST: p = 0.01, C7P: p = 0.02) for all patients (Table 2 ). This correlation remained significant when considering the individual scores for the appearance (ST: r = 0.27, p = 0.001; C7P: -0.28, p = 0.001) and activity (ST: r = 0.226, p = 0.006; C7P: r = -0.209, p = 0.011) domains, but not the pain and mental health domains. For low-grade patients only, these correlations did not reach statistical significance.
For high-grade patients, ST (r = 0.35; p = 0.047) was significantly related to SRS-22 total score, while the relationship between SRS-22 total score and C7P deviation almost reached statistical significance (r = -0.35; p = 0.050). When considering the individual domain scores, only the appearance domain correlated significantly with the global sagittal alignment parameters (ST: r = 0.52, p = 0.002; C7P: r = -0.48, p = 0.005) ( Table 3 ). When high-grade patients from the positive alignment subgroup were considered separately, the correlations were strengthened between SRS-22 total score and both ST (r = 0.48; p = 0.008) and C7P deviation (r = -0.48; p = 0.008). In this subgroup, the global sagittal alignment parameters were also correlated to the pain (ST: p = 0.37, p = 0.047; C7P: r = -0.45, p = 0.013) and appearance (ST: r = 0.62, p = 0.0003; C7P: r = -0.58, p = 0.001) individual domain scores (Table 3 ). In addition for high-grade patients, correlation analysis showed that neither ST nor C7P deviation was significantly related to LSK or slip percentage in high-grade patients (Table 4) .
In the positive alignment subgroup, multiple regression analysis showed that the C7P deviation (p = 0.005) and slip percentage (p = 0.008) were independently related to the SRS-22 score, while LSK was not statistically significant (p = 0.26). The overall correlation coefficient with the SRS-22 total score was r = 0.65. Similar results were obtained when the C7P deviation was replaced by ST in the Mann-Whitney U test showed that high-grade patients with a C7P in front of the HA had a significantly lower SRS-22 total score (p = 0.024) as well as pain (p = 0.016) and appearance (p = 0.0005) domains than those with a C7P behind the HA (Table 5) . Patients with a C7P in front of the HA also had a significantly lower LL (p = 0.009). The other regional sagittal curves and pelvic parameters, including slip percentage and LSK, were similar. Age distribution was not significantly different between both groups (p = 0.06).
Discussion
This study is the first that attempts to assess the clinical relevance of evaluating global sagittal alignment with respect to HRQOL in pediatric lumbosacral spondylolisthesis. Overall, the study showed a significant relation between global sagittal alignment and HRQOL for children and adolescents with lumbosacral spondylolisthesis. These results are in agreement with those previously reported by Berven et al. [5] for adult spondylolisthesis, as well as those observed by Glassman et al. [2, 3] and Mac-Thiong et al. [4] in adult spinal deformity.
Patients with a high-grade slip were found to have a significantly higher SRS-22 score compared to patients with a low-grade slip, with an absolute difference of 0.4 in the total score, 0.71 in the pain domain, 0.47 in the appearance domain, 0.58 for the activity domain, and 0.05 for the mental health domain. To assess the clinical significance of these differences, we compared them to the minimum clinically important difference (MCID)-the threshold above which a change in a score is considered clinically meaningful-for the SRS-22 questionnaire [12] . The MCID were of 0.6 for the pain domain, 0.5 for the appearance domain, 0.8 for the activity domain, 0.4 for the mental health domain, and varied between 0.4 and 0.6 for the total score. Thus, the differences between patients with low-grade and high-grade slips in the SRS-22 pain domain and total score reported in our study are comparable to the reported MCID, and therefore are probably significant clinically. However, the interpretation is limited by the fact that these values were measured based on a population of patients operated for idiopathic scoliosis, which differ from our population of unoperated spondylolisthetic patients. The comparison between patients with high-grade and lowgrade spondylolisthesis also revealed differences in the regional sagittal curves and pelvic parameters in accordance with previous findings [8] .
The present study suggests a smaller impact of global sagittal alignment in low-grade spondylolisthesis since it was not related to the SRS-22 total score or its individual domains. Accordingly in the SDSG classification of lumbosacral spondylolisthesis [9] , global sagittal alignment is not taken into account for low-grade slips. Global sagittal alignment is less likely to have an impact on HRQOL in low-grade spondylolisthesis possibly due to the following reasons: (1) the great majority of patients with lowgrade slips have normal C7P deviation and ST, (2) the great majority of patients with low-grade slips have a normal HRQOL, and (3) global sagittal alignment is less variable in low-grade than high-grade spondylolisthesis. Furthermore, low-grade patients tend to have an overall sagittal spinal alignment similar to that of asymptomatic subjects, as previously described by Mac-Thiong et al. [8] , so its impact on HRQOL is likely to be negligible in lowgrade spondylolisthesis. For high-grade patients, it is possible that the lumbosacral deformity is so severe in some cases that compensation mechanisms from remaining spinal segments, pelvis and/or hips become ineffective and fail to maintain an acceptable global sagittal alignment. Evaluating global sagittal alignment was indeed particularly relevant for high-grade patients in this study, where a moderate correlation was found between parameters of global sagittal alignment and SRS-22 total score. This correlation associated increasing forward global sagittal alignment with lower SRS-22 scores. The relationship between HRQOL and global sagittal alignment was further reinforced in high-grade patients with a C7P in front of the posterior corner of the upper sacral endplate (Table 2 ). In this positive sagittal alignment subgroup, a large correlation was found between parameters of global sagittal alignment and SRS-22 total score, as well as the pain and appearance domains. The correlation with the pain domain is particularly relevant, as back pain is the major complaint of patients with spondylolisthesis. This finding suggests that in high-grade spondylolisthesis, clinicians need to be particularly concerned with global sagittal alignment when C7P is in front of the posterior corner of the upper sacral endplate as for these patients an increase in positive sagittal alignment is associated with increased pain and a generally lower HRQOL.
The SDSG classification of lumbosacral spondylolisthesis [9] uses the position of the C7P relative to the femoral heads as an important aspect to consider when treating patients with high-grade spondylolisthesis. However, this decision has never been evaluated in previous studies. The current study supports this concept since among high-grade patients with positive sagittal alignment, those with a C7P in front of the HA have a lower SRS-22 total score, pain and appearance domains than those with a C7P behind the HA, without significant difference in slip percentage or LSK between the two subgroups.
As the slip percentage and LSK progress and result in an increasingly positive sagittal alignment, the spine and pelvis seem to compensate though three main mechanisms: (1) increased LL (2) decreased TK, and (3) retroversion of the pelvis (or verticalization of sacrum). All these modifications are aimed at bringing back the C7 vertebrae behind the femoral heads to restore a normal global sagittal alignment. Failure of these compensatory mechanisms in patients with spondylolisthesis results in an abnormally positive sagittal alignment. In our study, we found that patients with a C7P in front of HA have a significantly lower LL compared to those with a C7P behind HA. Therefore, patients who have a C7P in front of HA failed to increase their LL sufficiently, resulting in a more positive sagittal alignment. As these patients reach their limit in terms of LL, they probably try to compensate their positive sagittal alignment relying on the two other mechanisms, as shown by the trend towards a lower TK and increased pelvic retroversion (higher PT and lower SS) in the patients with a C7P in front of HA. Our study does not allow us to understand why some patients were able to increase their LL sufficiently and limit the forward displacement of their C7P while others were unable to reach that level of compensation. This difference is probably due to individual variability in the skeletal and muscular components involved.
Our results show that restoration of a normal global sagittal alignment for patients with a C7P in front of the HA by formal reduction of the spondylolisthesis during surgery is appealing, in an attempt to improve the HRQOL. Indeed, a normal sagittal global alignment is generally restored after surgical reduction of slip and particularly LSK in patients with high-grade spondylolisthesis presenting with a C7P in front of the hip axis preoperatively (Fig. 3) . Slip percentage [13] and LSK [14] have both been shown to have a clinical impact on HRQOL in lumbosacral spondylolisthesis. These parameters were considered as possible co-variables affecting the correlation between global sagittal alignment and HRQOL. However, C7P deviation and ST were not individually related to slip percentage or LSK in high-grade lumbosacral spondylolisthesis, suggesting that global sagittal alignment is independent from slip percentage and LSK in this group. Also, in the positive alignment subgroup, the relationship between global sagittal alignment parameters and both the SRS-22 pain domain and total score persisted even after accounting for slip percentage and LSK in multiple linear regression analyses. These findings suggest that global sagittal alignment is an independent factor affecting the HRQOL in high-grade spondylolisthesis, particularly for patients with a C7P in front of the posterior corner of the upper sacral endplate.
Doming of the sacrum is a key feature in spondylolisthesis and could potentially influence pelvic and global sagittal alignment measurements on lateral radiographs. However, a previous study by Vialle et al. [15] has demonstrated that when a computer-assisted technique is used, measurement of pelvic incidence in high-grade spondylolisthesis is associated with excellent reliability with intraclass correlation coefficients ranging from 0.986 to 0.992. As for the measurement of global spinal alignment, doming of the sacrum could potentially have influenced the measurement of ST that uses the upper sacral endplate as a landmark, but is not likely to have influence the measurement of C7 plumbline deviation. On the other hand, because it is an angular parameter, ST is less sensitive to variations in radiological protocols and magnification, allowing easier comparison between studies. It also has the advantage of taking into account the spinal height of each subject. Nevertheless, C7P deviation and ST were similar in their relationship with HRQOL and were both independent of LSK and slip percentage. Whether the use of other parameters of global sagittal alignment or HRQOL questionnaires would result in additional findings should be addressed in the future. In this study, we used the SRS-22 questionnaire to measure the HRQOL. While this questionnaire was originally designed for patients with adolescent idiopathic scoliosis, a previous study showed that the SRS-22 total score can discriminate between healthy controls and spondylolisthesis patients, and therefore indirectly reflects the influence of clinical symptoms on their quality of life [16] . We also included in our analyses the individual domain scores of the SRS-22 for a more accurate evaluation of HRQOL.
In addition, the limited number of patients with highgrade spondylolisthesis is a recognized limitation of this study, and further investigation is needed to better define the impact of global sagittal alignment in the management of high-grade spondylolisthesis. In particular, the relationship between global sagittal alignment and HRQOL after surgery should be addressed. Also, reduction of highgrade spondylolisthesis is associated with a higher risk of iatrogenic neurologic injury, most commonly L5 radiculopathy [17] , but also with a risk of adjacent disease above the fused segment. These potentially serious complications must be weighed against the potential benefit of reducing the spondylolisthesis, although restoring a proper sagittal alignment must remain a main goal of the surgical treatment.
Conclusion
In conclusion, this study showed that the influence of global sagittal alignment on HRQOL is negligible in lowgrade spondylolisthesis. For high-grade patients with a C7P in front of the posterior corner of the upper sacral endplate, A B and especially for those with a C7P in front of the femoral heads, an increasing positive global sagittal alignment is related to increased pain and a poorer HRQOL, independently of slip percentage and LSK. These findings support the need to take global sagittal alignment into account when evaluating and treating patients with high-grade spondylolisthesis. This study also supports the restoration of an adequate global sagittal alignment through formal reduction of the spondylolisthesis in the surgical management of high-grade patients, in an attempt to improve the HRQOL. Further investigation is however necessary to establish the exact clinical impact of global sagittal alignment on the HRQOL of high-grade patients, with a particular emphasis on the impact of surgery.
